Whereas two key steps in cervical carcinogenesis are integration of high-risk human papillomavirus (HR-HPV) and acquisition of an unstable host genome, the temporal association between these events is poorly understood. Chromosomal instability is induced when HR-HPV E7 oncoprotein is overexpressed from heterologous promoters in vitro. However, it is not known whether such events occur at the "physiologically" elevated levels of E7 produced by deregulation of the homologous HR-HPV promoter after integration. Indeed, an alternative possibility is that integration in vivo is favored in an already unstable host genome. We have addressed these issues using the unique human papillomavirus (HPV) 16-containing cervical keratinocyte cell line W12, which was derived from a low-grade squamous intraepithelial lesion and thus acquired HPV16 by "natural" infection. Whereas W12 at low passage contains HPV16 episomes only, long-term culture results in the emergence of cells containing integrated HPV16 only. We show that integration of HPV16 in W12 is associated with 3 deletion of the E2 transcriptional repressor, resulting in deregulation of the homologous promoter of the integrant and an increase in E7 protein levels. We further demonstrate that high-level chromosomal instability develops in W12 only after integration and that the forms of instability observed correlate with the physical state of HPV16 DNA and the level of E7 protein. Whereas intermediate E7 levels are associated with numerical chromosomal abnormalities, maximal levels are associated with both numerical and structural aberrations. HR-HPV integration is likely to be a critical event in cervical carcinogenesis, preceding the development of chromosomal abnormalities that drive malignant progression.
INTRODUCTION
Infection by high-risk human papillomaviruses (HR-HPVs) is a necessary cause of cervical carcinoma (1) . The majority of cases are squamous cell carcinomas (SCCs), which arise in a multistep fashion from precursor squamous intraepithelial lesions (SILs; Ref. 2) . The major transforming and immortalizing proteins of HR-HPVs, such as human papillomavirus (HPV) 16 and HPV18 (3) , are E6 and E7, which bind and inactivate p53 and pRB, respectively (4, 5) . In productive infections, E6 and E7 expression is confined to the postmitotic suprabasal cells of the squamous epithelium (6, 7) and appears to be repressed by host factors within basal dividing cells (8) . In contrast, in neoplastic lesions (high-grade SIL and SCC), the viral oncogenes are expressed in the basal layers (7) .
Deregulation of the HPV early promoter is therefore an important early event in cervical carcinogenesis. Whereas such deregulation may reflect altered host control over the HPV early promoter (4) , an important alternative cause is integration of HR-HPV into the host genome. Integration usually causes deletion or disruption of the E2 repressor of early gene transcription (9) , which in turn leads to increased levels of the E7 protein and acquisition of a growth advantage (10, 11) . Virtually all HPV16/18-positive cervical carcinomas contain integrated viral genomes from which early genes are transcribed (12) , suggesting that integration plays an important role in cervical carcinogenesis in vivo.
Although necessary, deregulation of HR-HPV E6 and E7 expression is insufficient for development of the malignant phenotype. Genomic instability, producing specific genomic aberrations, is also associated with the development and progression of cervical carcinomas (13) (14) (15) (16) . The temporal relationship between integration of HR-HPV and acquisition of a genetically unstable environment has not previously been demonstrated. High levels of HR-HPV E7 and E6, as expressed from heterologous promoters in vitro, can induce genomic instability (17, 18) . HR-HPV integration in vivo may therefore promote high-level genomic instability via increased levels of the viral oncoproteins caused by deregulation of the homologous HR-HPV promoter. Conversely, integration may be favored in an already chromosomally unstable environment, perhaps related to deregulated host control over viral early gene expression (4, 19) .
Investigation of the temporal relationship between HR-HPV integration and host genomic instability has previously been difficult due to the lack of a suitable model system. Here, we present results from W12, a unique cervical keratinocyte cell line infected with HPV16, the HPV type most commonly found in cervical SCC (20) . W12 was established from a low-grade SIL and thus arose by "natural" cervical infection with HPV in vivo (21) . At early passages, W12 is diploid and maintains HPV16 episomes at approximately 100 copies/cell (10, 21) . Furthermore, it recapitulates the histological characteristics of the low-grade lesion from which it was derived when grafted onto the flank of a nude mouse. As shown previously by our group, integration of viral episomes is observed during long-term in vitro cultivation of polyclonal W12 (10) .
Here, we show that the increased levels of E7 protein seen in W12 in monolayer culture after integration are associated with deletion of the 3Ј region of the E2 open reading frame (ORF), resulting in deregulation of the homologous HPV16 promoter. W12 in monolayer culture therefore represents an accurate model of events that occur in the basal cells of the cervical epithelium in vivo. We demonstrate that W12 cells containing HPV16 episomes are diploid and generally chromosomally stable, with only a low frequency of tetraploid cells. In contrast, HPV16 integration is associated with the acquisition of genomic abnormalities, the types of which correlate with the physical state of the HPV16 DNA and the level of E7 protein. We also describe detailed mapping of the HPV16 integration site in W12 and demonstrate that W12, after HPV16 integration, shows increased colonyforming efficiency (CFE) and reforms a higher-grade epithelium in organotypic culture, compared with passages in which only HPV16 episomes are present. Our data further indicate that the W12 cell line is a valuable reagent for studying the biology of HPV16-associated cervical carcinogenesis.
MATERIALS AND METHODS
Cell Culture. The cells used were as follows: normal ectocervical keratinocytes obtained after hysterectomy for disease unrelated to the cervix; W12 between passage 9 (W12p9) and passage 55 (W12p55); and the cervical SCC cell lines SiHa (22) and CaSki (23) . Cells were cultured as described in detail elsewhere (21, 24) . All cells were passaged to approximately 90% confluence, with cells undergoing approximately 4 -5 population doublings/passage. Metaphases for cytogenetic analysis were prepared from cells in monolayer culture by hypotonic lysis in KCl (25) . To determine CFE, W12 cells were seeded in triplicate at densities of 100 and 500 viable cells/50-mm dish in the presence of 5 ϫ 10 5 lethally irradiated murine 3T3 J2 feeder cells. When colonies were visible, feeders were removed, and colonies were stained in 0.1% toluidine blue. Percentage of CFE was determined as follows: (number of colonies/ number of cells seeded) ϫ 100 (26) .
Organotypic Raft Culture. Collagen rafts incorporating mouse dermal papilla cells were prepared in 24-well plates, as described in detail elsewhere (24) . Keratinocytes (1 ϫ 10 5 ) were seeded onto each raft, and the rafts were subsequently raised to an air:liquid interface for 9 -12 days. After formalin fixation, rafts were processed to paraffin for histological analysis.
Southern Analysis of Physical State of HPV16. Genomic DNA (gDNA) was prepared from cells in monolayer culture as described previously (10) . A total of 5-10 g of gDNA was restriction enzyme digested, electrophoresed through a 0.8% agarose gel, and transferred to a Hybond-Nϩ nylon membrane for subsequent hybridization. The restriction enzymes used were HindIII, BamHI, NcoI, SdaI, EcoRI, and PstI. Probe was prepared by excision of full-length HPV16 DNA from the pspHPV16 plasmid (21), followed by labeling with [␣-32 P]dCTP by random priming. PCR for the HPV16 E2 ORF. The gDNA was amplified using primer pairs specific to the HPV16 E2 ORF. Primer sets 1, 2, and 3 amplified between nucleotides 2755 and 3321, 3453 and 3714, and 2755 and 3852 of the HPV16 genome (National Center for Biotechnology Information accession number NC001526), respectively. Details of all primer sets have been given elsewhere (10, 27, 28) . Cycling conditions were 94°C for 4 min; followed by 30 cycles of 94°C for 1 min, 58°C for 1 min, and 72°C for 1 min; followed by 10 min at 72°C. Products were electrophoresed on a 1% agarose gel. The expected product sizes for primers pairs 1, 2, and 3 were 567, 262, and 1122 bp, respectively. The increase in size of the product for primer pair 3 was due to the presence of linker sequences (10) .
Restriction Site-PCR (RS-PCR).
RS-PCR enables amplification of unknown nucleotide sequences adjacent to known nucleotide sequences (29) . The use of RS-PCR to generate PCR products spanning HR-HPV host junction fragments in cervical carcinomas has been described previously (30) . A total of 50 ng of gDNA from W12p55 was amplified with various combinations of HPV16-specific and restriction site oligonucleotide primers using low stringency cycling conditions, followed by a high stringency nested PCR. PCR products were then sequenced using the appropriate HPV16-specific sequencing primers. All primers and PCR conditions were as described previously (30) .
Comparative Genomic Hybridization (CGH). CGH was performed as described previously (31) . Test gDNA and normal male reference gDNA were labeled by nick translation with Spectrum Green-dUTP (Vysis) and Spectrum Red-dUTP (Vysis), respectively. Probe comprising 300 ng of test DNA, 300 ng of reference DNA, and 15 g of human Cot-1 DNA (Roche) was hybridized to cytogenetically normal male metaphases (Vysis). After hybridization, signal from Spectrum Green-dUTP was enhanced with a single antibody detection using anti-fluorescein rabbit IgG fraction Alexa Fluor 488 conjugate (Molecular Probes). Chromosomes were counterstained with 4Ј,6-diamidino-2-phenylindole (DAPI)/antifade solution (Vector Laboratories). Images for CGH analysis were sequentially captured using an Axioplan II epifluorescence microscope (Zeiss) equipped with a Sensys charge-coupled device camera (Photometrics) and appropriate filters (Chroma Technology). The system was controlled by SmartCaptureVP Software (Digital Scientific). At least 10 metaphases for each sample were then analyzed using QUIPS XL software (Vysis). The thresholds used for detection of loss and gain were 0.85 and 1.15, respectively, with a ratio of Ͼ1.5 denoting high-level copy number gain (amplification). Reference DNA from normal male placenta was used to provide an internal sex-mismatched control for each hybridization. This meant that copy number imbalances (CNIs) on the X chromosome could not be detected.
Spectral Karyotyping. Spectral karyotyping analysis was carried out as described previously (25) , using the 24-color SkyPaint probe mixture supplied by Applied Spectral Imaging. Spectral images were captured using a Nikon Eclipse E800 epifluorescence microscope equipped with a SD200 SpectraCube system (Applied Spectral Imaging). At least 10 raw spectral image files were acquired for each sample using Spectral Imaging version 2.3 software (Applied Spectral Imaging) and analyzed using SkyView version 1.6.1 software (Applied Spectral Imaging). Inverted DAPI images were used to map breakpoints of structural rearrangements.
Chromosome-Specific and Band-Specific Painting. Whole chromosome paint for chromosome 3 was prepared by degenerate oligonucleotide-primed PCR from flow-sorted chromosomes and labeled with digoxigenin-11-dUTP (Roche), as described previously (25) . After overnight hybridization, probe was detected using anti-digoxigenin FITC-conjugated Fab fragments (Roche). Band-specific probes for 5p15, 5p14, 5p11-12, and 3q21 (Research Genetics) were prepared and labeled with biotin-16-dUTP (Roche), digoxigenin-11-dUTP, or Spectrum Orange-dUTP (Vysis), as described previously (25) . Bandspecific probes were hybridized overnight in combination with other differentially labeled band-specific probes or whole chromosome paints, as required. Biotin-16-dUTP and digoxigenin-11-dUTP were detected using avidin-Cy5 (Amersham) and anti-digoxigenin FITC-conjugated Fab fragments (Roche), respectively. For both chromosome-specific and band-specific paints, metaphases were counterstained with DAPI/antifade, and imaging was performed using the epifluorescence microscope system, as described for CGH analysis.
HPV16 Fluorescence in Situ Hybridization. Full-length HPV16 DNA (1 g) from the pspHPV16 plasmid (21) was labeled by nick translation with biotin-16-dUTP. Probe comprising 100 ng of labeled HPV16 and 3 g of Cot-1 carrier DNA was hybridized to W12 metaphase chromosomes for 2 days under the same conditions used for band-specific painting (25) . After hybridization, signal was detected using three layers, streptavidin-fluorolink Cy3 (Amersham) followed by biotinylated anti-avidin D (Vector Laboratories) and then streptavidin-fluorolink Cy3. Metaphases were counterstained with DAPI/ antifade and analyzed as described above.
RESULTS
The polyclonal W12 cell line has been subjected to long-term in vitro culture in our laboratories (Table 1) , and we have previously (10) . HPV, human papillomavirus. b Episomal HPV16 genomes were present in both monomeric and multimeric forms. The emergent viral integration event had a type 1 pattern similar to that observed in SiHa (10, 11) .
c Determined by Western blot (10) . d Determined by reverse transcription-PCR for full-length HPV16 E2 mRNA (10) . e Telomerase activity in protein extracts was determined by the telomeric repeat amplification protocol assay and was comparable at all passages analyzed (data not shown). f Numbers represent the percentage of viable cells plated that gave rise to colonies 14 days after plating. CFE, colony-forming efficiency. Values shown are the mean % CFE Ϯ SE calculated for three independent platings. described a limited Southern analysis of the physical state of HPV16 (10) . At early passages, W12 contains approximately 100 HPV16 episomes per cell, which are stably maintained. In the passage series investigated previously (and also used in the current study), integration commenced at passage 14 and was associated with rapid loss of episomes and the emergence of a population of cells with approximately 10 copies of a single HPV16 integration site. The integrated HPV16 DNA was stably maintained thereafter. Integration was associated with loss of transcription of HPV16 E2 and increased expression of the HPV16 E7 protein (10) . All passages analyzed demonstrated telomerase activity, as assessed by the telomeric repeat amplification protocol assay (data not shown). These features of the W12 series analyzed in the present study are summarized in Table 1 .
Confirmation That HPV16 in W12p9 Is Exclusively Episomal.
To confirm that W12p9 contained exclusively episomal HPV16, Southern analysis was performed using a large panel of restriction enzymes (Fig. 1A) . Digestion with HindIII (a HPV16 non-cutter) produced a banding pattern consistent with the presence of both monomeric and multimeric episomal HPV16 (10) . Digestion with BamHI, NcoI, and SdaI (all HPV16 single cutters) each produced a prominent band of 7.9 kb, representing full-length linearized HPV16 episomes. Digestion with the HPV16 multi-cutters EcoRI (two cuts) and PstI (six cuts) generated only the prototype bands expected from digestion of episomal HPV16 DNA. Additional bands indicative of virus-host junctional fragments were absent. The data from all restriction enzymes used indicated that W12p9 contained episomal HPV16 only. Disruption of the HPV16 Genome after Integration. To determine the region of HPV16 deleted during integration, the same panel of restriction enzymes was used in Southern analysis of W12p55 (Fig.  1B) . Bands indicating the presence of HPV16 episomes were not seen. The detection of two bands after restriction with BamHI, NcoI, and SdaI indicated that the single restriction sites for each enzyme (see Fig. 1C ) were retained in the integrated HPV16 DNA. After digestion with the HPV16 multi-cutter PstI, the absence of the prototype bands spanning E5, the 3Ј region of E2, and most of L2 suggested that the viral breakpoints at the two virus-host junctions were within this region (Fig. 1C) .
Virus-Host Junction Breakpoint Mapping by RS-PCR, E2 PCR, and HPV16 Fluorescence in Situ Hybridization. Detailed mapping of virus-host junctions was performed on W12p55 gDNA using RS-PCR (29, 30, 32) . A PCR product comprising the upstream virus-host junction was generated (data not shown). The viral DNA breakpoint was at nucleotide 4791 of the L2 ORF, consistent with predictions from Southern analysis (Fig. 1C) . A RS-PCR product comprising the downstream virus-host junction was not generated.
PCR analysis showed absence of the full-length HPV16 E2 ORF in W12p55 (Fig. 1D) , consistent with the absence of the full-length E2 transcript in W12p55 that we have described previously (10) . In contrast, the full-length HPV16 E6 and E7 ORFs were detected in W12p55 by PCR (data not shown). We concluded that the second (downstream) virus-host junction in W12p55 was located at the 3Ј region of the E2 ORF, between nucleotides 3715 and 3852 of the HPV16 genome (Fig. 1C) . Taken together, these results demonstrated that the selected HPV16 integrant in high-passage W12 showed disruption of the E2, E5, and L2 ORFs.
A search for the host cell sequences in the RS-PCR product using the National Center for Biotechnology Information BLAST database revealed that the HPV16 DNA was integrated at chromosome band 5p15.1, which also contains the common fragile site FRA5E. Consistent with this data, HPV16 fluorescence in situ hybridization on metaphases of W12p55 showed integrated HPV16 at the distal p arm of two identical chromosomes (Fig. 1E ) that were shown by enhanced inverse DAPI banding to be normal copies of chromosome 5.
Using the sequence of the RS-PCR product, we designed PCR primers spanning the upstream virus-host junction. Whereas an appropriately sized band was generated for W12p55, there was no band for W12p9 (data not shown). We concluded that because the integrant detectable in W12p55 was not seen in W12p9 at the limits of sensitivity of PCR, it arose from a true de novo integration event, rather than through in vitro selection of a rare clone containing integrated HPV16.
Progression of W12 in Vitro Is Associated with Acquisition of a Growth Advantage. During the transition from the presence of purely episomal to fully integrated HPV16, there was a progressive increase in the CFE of W12 in monolayer culture ( Table 1 ). The CFE of W12p24 (integrated HPV16 only) was 3-4-fold higher than that of W12p9 (episomal HPV16 only). Further increases in CFE were also observed at passages higher than passage 24, suggesting that additional changes may have been acquired by W12 after HPV16 integration, resulting in a further selective growth advantage in monolayer culture.
Morphology of W12 in Monolayer Tissue Culture. Similar to normal ectocervical cells in monolayer culture (33) , colonies of W12p9 comprised a heterogeneous population showing some evidence of stratification and differentiation ( Fig. 2A) . The features of W12p14 (Fig. 2B) were similar, except that multinucleate cells were frequently observed at the center of colonies. In contrast, in W12p24 and higher passages, colonies contained a relatively homogeneous population of cells with larger nuclei, increased nuclear:cytoplasmic ratio, and no features of stratification and differentiation (Fig. 2, C and  D) . Multinucleate cells were again seen. The features in W12p24 and higher passages were similar to those of cervical SCC cell lines in monolayer culture (22, 23) .
Histology of W12 in Organotypic Raft Culture. Progression of cell phenotype was also observed in organotypic raft cultures of W12. Consistent with previous findings (21), W12p9 (containing HPV16 episomes only) demonstrated a number of histological features of low-grade SIL (Fig. 2E) . The reconstituted epithelium showed mild basal atypia, with extensive surface differentiation and vacuolated cells reminiscent of koilocytes in the superficial layers. W12p14 (containing mixed episomes and integrants) showed greater nuclear crowding and atypia, which was present in the basal half of the epithelium (Fig. 2F) . Some surface differentiation was retained, but this was reduced compared with W12p9, and dyskeratotic cells were present. The overall histological features of the epithelium were intermediate between those of W12p9 and W12p24. W12p24 and later passages (containing integrated HPV16 only) showed a higher grade of histological abnormalities (Fig. 2, G and H) . Atypical basal-like cells were present throughout the epithelium, as were mitotic figures, many of which were abnormal (Fig. 2H) . In addition, nests of cells extended irregularly into the underlying collagen matrix, suggesting that W12 had acquired an ability to invade collagen after integration of HPV16.
Ploidy. There was heterogeneity in ploidy levels at all passages of W12 analyzed (Fig. 3) . W12p9 (episomes only) was predominantly near diploid, although approximately 20% of cells showed near tetraploid levels, consistent with nonselected endoreduplication events. In contrast, the majority of cells of W12p14 (mixed episomes and integrants) were near tetraploid, with no evidence of a biphasic population, indicating that after the commencement of HPV16 integration there was selection of cells that had undergone endoreduplication. W12 at higher passages was also predominantly tetraploid. In addition, we observed numerical abnormalities producing aneuploidy in a proportion of cells. These became detectable in W12p14 and increased in frequency with subsequent passages. The propensity for chromosome loss was greater than that for chromosome gain, and between passages 34 and 55, many cells were hypertriploid.
CNIs. CGH showed that the evolution of W12 in culture was associated with the gradual accumulation of CNIs, the majority of which were maintained in subsequent passages (Fig. 4) . The number of CNIs in W12p55 was similar to that in the cervical SCC cell line SiHa. The majority of CNIs involved whole chromosomes or whole chromosome arms. Interestingly, copy number amplification of 5p was observed at W12p24 and higher passages and gain of 3q and loss of 3p were seen at W12p55. The variable gains seen on chromosomes 6 and 11 were shown by spectral karyotyping (Table 2) to be due to whole chromosome gains that were present in Ͻ50% cells and therefore at the limits of sensitivity of CGH, rather than being due to complex rearrangements.
Karyotype Analysis. Karyotypic heterogeneity was seen at each passage analyzed. To describe the most common karyotypic features at each passage, cells showing the most frequent ploidy level (i.e., near diploid or near tetraploid) were used to generate a composite karyotype. The karyotypic features of W12 are illustrated in Fig. 5 and summarized in Table 2 . By International System for Human Cytogenetic Nomenclature convention (34), only "clonal" chromosome aberrations are described in karyotype information. Clonal chromosome rearrangements and clonal chromosome gains represent those present in two or more metaphases analyzed, whereas clonal whole chromosome losses are those present in three or more metaphases analyzed. Where appropriate, data from CGH analysis were used to aid assignment of marker chromosomes.
Instability of Chromosome Number. Aneusomy was not observed in W12p9, which was diploid (Table 2 ). In contrast, in W12p14, which was near tetraploid, clonal numerical aberrations of nine chromosomes were detected. Several of these, such as gain of a single chromosome 20 and X, were maintained at high frequency on further passage. The clonal numerical aberrations seen from W12p14 onward varied between different passages (see Table 2 ), suggesting that loss and gain of chromosomes was a common event but that most of such aberrations did not confer a selective advantage. Chromosomal loss became increasingly frequent between passage 24 and passage 55. Thus, the detection of numerical chromosomal instability in W12 coincided with the initial detection of integrated HPV16 genomes, when episomal genomes were also present. At this point, levels of HPV16 E7 protein were increased but had not attained maximal levels.
Instability of Chromosome Structure. In W12p9, only two chromosomal rearrangements, i(8q) and i(10q), were detected (Fig. 5A) . Likewise, in W12p14, only two copies of the i(10q) were detected (Fig. 5D) . Additional structural abnormalities were not observed until passage 24 onward, when only integrated HPV16 was present. Clonal structural aberrations present in W12p24 and maintained on further passage were a der(1)t(1;5) and a putative i(5p). This latter aberration correlated with the amplification of 5p seen by CGH in W12p24 and later passages (Fig. 4) . Chromosome band-specific painting of W12p55 confirmed that the derivative was indeed an i(5p), present in two copies in most cells (Fig. 5F ).
Additional clonal aberrations had also been acquired by passage 55 (Fig. 5E) . A number of metaphases appeared to contain an i(3q) along with three normal copies of chromosome 3, consistent with CGH evidence of 3q gain and 3p loss, based on a tetraploid "baseline" (Fig.  4) . A combination of whole chromosome painting and band-specific painting (Fig. 5G ) was used to confirm that the i(3q) was present in W12p55, being detectable in 10 out of 10 metaphases analyzed.
In addition to the clonal marker chromosomes detected in two or more metaphases (and described in the W12 karyotypes), we also detected structural abnormalities that were present in single metaphases only (Table 2) . We viewed these nonclonal rearrangements as also being indicative of chromosomal instability. They were detected only in W12p24 and higher passages. Detection of structural chromosomal instability therefore correlated with the selection of cells comprising only integrated HPV16 genomes, in which levels of the E7 protein were maximal.
DISCUSSION
Although integration of HR-HPV and acquisition of host genomic instability are key steps in cervical carcinogenesis (2, 9, 19) , the lack of a suitable biological reagent has hitherto prevented investigation of the precise temporal relationship between these events. The majority of HPV-infected cell lines have been generated by transfection of whole HR-HPV genomes. Although these lines acquire numerous genomic abnormalities (35) (36) (37) (38) , their inability to maintain HR-HPV genomes in episomal form precludes analysis of the relationship between integration and genomic instability. The W12 cell line was derived from a cervical low-grade SIL and acquired HPV16 through natural infection rather than transfection (21) . W12 maintains episomes at low passage, but long-term cultivation in vitro leads to integration of HPV16 and complete loss of episomes (10) . W12 therefore represents a unique model for investigating the association between integration of HPV16, the HPV type most commonly detected in cervical SCC (20) , and acquisition of host cell genomic and phenotypic changes. In the present study, we have investigated genomic abnormalities acquired by W12 in monolayer culture, which selects for cells with a proliferative advantage. These conditions enable W12 to serve as a model of the effects of HPV16 infection in basal cervical squamous cells, the key site of deregulation of HR-HPV oncogenes in cervical neoplasia.
Our evidence that integration of HPV16 in W12 is associated with the emergence of cells showing gradually increasing levels of E7 protein and CFE is consistent with previous data (11) . We have also demonstrated an increase in the histological grade of reconstituted epithelium formed by W12 in organotypic raft culture, with progression from a low-grade epithelium to a high-grade epithelium with microinvasive properties. The temporal associations between HPV16 physical state, E7 expression level, and host genomic changes in W12 are summarized in Fig. 6 . When W12 contained only episomal HPV16, neither structural nor numerical chromosome instability was observed. Only low frequency endoreduplication of the host genome was seen. When integrated HPV16 was first detected (together with episomes) at p14, endoreduplicated genomes had been selected, and numerical chromosomal instability caused aneusomy to develop at high frequency. However, it was not until clones containing only integrated HPV16 emerged at passage 24 and higher passages that both numerical and structural chromosomal instability were observed. Thus, there was a close association between the physical state of HPV16 DNA and the presence and form of host cell genomic instability.
A likely cause of the genomic instability seen in W12 after integration is deregulated expression of the HPV16 oncoproteins E7 and E6. In vitro, overexpression of HR-HPV E7 and E6 from heterologous promoters can lead to ploidy changes and to numerical and structural chromosomal abnormalities (17, 18, 39, 40) . An important strength of the W12 model is that during progression in vitro, E7 and E6 remain regulated by the homologous HPV16 promoter. Thus, W12 is likely to more accurately model the changes in HPV16 oncoprotein levels seen after integration in vivo. The elevated levels of E7 protein in W12 are attributable to deletion during integration of the 3Ј region of the E2 ORF [which encodes the DNA-binding/dimerization domain required for transcriptional repression of the early promoter (41)], together with increased stability of virus-host transcripts using host poly(A) signals (42) .
The forms of genomic instability that we observed in W12 were closely related to the levels of HPV16 E7 protein. Low levels of E7 Fig. 5 . Spectral karyotyping and fluorescence in situ hybridization analysis of W12. AϪE, spectral karyotyping classification karyograms of representative metaphases from W12p9, W12p14, and W12p55 are presented in A, D, and E, respectively. For W12p9, the inverted and contrast-enhanced 4Ј,6-diamidino-2-phenylindole image (B) and display color image (C) of the metaphase used to generate the classification karyogram are also shown. Structural aberrations are indicated by white arrowheads. F, band-specific painting of a representative W12p55 metaphase for 5p11-12 (red), 5p14 (cyan), and 5p15 (green), together with the average comparative genomic hybridization fluorescence ratio profile for chromosome 5 in W12p55. There are four copies of normal chromosome 5, as well as two copies of an i(5)(p10). G, painting of a representative metaphase from W12p55 for chromosome 3 (whole chromosome paint; green) and 3q21 (orange), together with the average comparative genomic hybridization fluorescence ratio profile for chromosome 3 in W12p55. There are three copies of a normal chromosome 3, as well as one copy of an i(3)(q10). Fig. 6 . Schematic representation of the temporal association between viral and genomic changes associated with long-term cultivation of W12. Broken lines illustrate that the precise timing of many viral/ genomic changes could not be determined, given that not every passage of W12 was analyzed. The i(10q) and i(8q) present at the earliest passage analyzed were assumed to have arisen during a period of crisis at passage 3.
expressed from episomes were associated with a stable genome showing low frequency endoreduplication only. In contrast, higher levels of E7 were associated with the induction of aneusomy and maximal levels of E7 with the further acquisition of structural chromosomal abnormalities. The mechanisms underlying these changes are not certain. There is evidence that abnormalities in centrosome duplication caused by HPV16 E7 may lead to numerical chromosome instability (40) . However, given that HR-HPV E6 and E7 bind multiple cellular proteins (4, 5) , it is likely that there is functional abrogation of a large complement of host proteins when viral oncoprotein levels are high.
Although instability of chromosome structure was not observed in W12 until passage 24, it is interesting that two chromosomal rearrangements, an i(8q) and an i(10q), were detectable in W12p9, the earliest passage analyzed cytogenetically. These abnormalities were most likely acquired during a period of crisis in the establishment of W12 at around passage 3 (21) . Consistent with this, we were able to detect high-level telomerase activity in all passages of W12 analyzed, including W12p9 (Table 1) . A putative repressor of telomerase has previously been mapped to 10p (43) , and rearrangements of chromosome 10, including i(10q) formation, are a frequent observation in HPV-immortalized cell lines (35, 44) . Loss of chromosome 10p associated with i(10q) formation may therefore have been a necessary early event in activation of telomerase and immortalization of W12.
Our findings question the significance of polyploidy in the progression of carcinoma of the cervix. Tetraploid genomes were present at low frequency when only episomal HPV16 was detectable in W12p9, and they were not selected in vitro. Whereas tetraploidy was selected in W12p14, duplication of the copy of chromosome 5 into which HPV16 had integrated suggests that viral integration (with probable amplification of virus and flanking host sequences) preceded selection of the endoreduplicated genome. Selection of tetraploidy at passage 14 may therefore have been due to an increase in the effects of integrated HPV16 rather than to a selective advantage conferred by tetraploidy per se. The argument that polyploidy may not be of particular importance in cervical neoplastic progression is supported by some in vivo evidence, albeit from small studies, suggesting that it is aneuploidy rather than polyploidy that predicts progression of cervical SILs (45, 46) . Several aspects of our study reinforce the evidence (10, 21) that W12 is an accurate model of progression of HPV16-associated cervical neoplasia. Firstly, organotypic cultures demonstrated that the growth advantage acquired by W12 in monolayer culture after integration was associated with progression from a low-grade epithelium to a high-grade epithelium with microinvasive properties. Secondly, integration caused partial deletion of the E2 ORF, as is commonly observed in vivo and in vitro (11, 47) , and occurred in the same chromosomal location as the common fragile site FRA5E, further supporting the evidence for preferential integration of HR-HPVs at or near common fragile sites (30, 32, 48) . Thirdly, a number of the host genomic changes acquired by W12 during selection in vitro have also been described to occur during cervical carcinogenesis in vivo. For example, the gain of 3q and loss of 3p associated with i(3q) formation in W12p55 are two of the most frequent genomic CNIs observed in cervical SCCs and high-grade SILs (14, 15, 49) . Similar considerations apply to the 5p amplification due to i(5p) formation, which was detected in W12p24 and subsequent passages and was associated with an ability to invade collagen. Cytogenetic studies have detected putative i(5p) derivative chromosomes in approximately 75% of cervical carcinomas and many SCC-derived cell lines (50, 51) , and CGH has shown that amplification of 5p is associated with progression of SCC (15) . Fourthly, the propensity toward chromosomal loss during progression of W12 is consistent with cytogenetic events that occur during the development of other tumor types (52) . We conclude that the selection pressures encountered by W12 during passage in vitro lead to the acquisition of viral and host genomic changes that are similar or identical to those observed during cervical carcinogenesis in vivo.
It will now be important to assess whether the events that occur in W12 are also seen for other HPV types and in other cells of different genetic backgrounds. Other keratinocyte cell lines capable of maintaining HR-HPV episomes, such as the HPV31b-containing cell line CIN612 (53), will be of particular value in this regard. Cross-sectional studies of clinical samples of cervical SCC and SIL will also be of value to investigate the in vivo relationship among HPV type, HPV physical state, and host genomic abnormalities.
In summary, we have studied the unique cervical keratinocyte cell line W12, in which integration of HPV16 episomes occurs during in vitro passage and is associated with increasing levels of E7 protein as a result of deregulation of the homologous HPV16 promoter. We have shown that the acquisition of high-level genomic instability in cervical keratinocytes in monolayer culture only occurs after integration of HPV16. Different levels of E7 protein correlate with different forms of genomic instability, with only maximal E7 levels being associated with the acquisition of structural chromosomal abnormalities. Our data further emphasize the significance of integration of HR-HPV in cervical neoplastic progression in vivo. W12 represents an accurate model of cervical carcinogenesis and may prove to be a particularly valuable cell line for further investigation of the mechanisms and effects of HR-HPV integration in cervical keratinocytes.
